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It is possible that there are additional vector-like generations where the quarks have mass terms that do not
originate from weak symmetry breaking, but the leptons only get mass through weak symmetry breaking. We
discuss the impact that the new leptons have on Higgs boson decay branching ratios and on the range of allowed
Higgs masses in such a model (with a single new vector-like generation). We find that if the fourth generation
leptons are too heavy to be produced in Higgs decay, then the new leptons reduce the branching ratio for h→ γγ
to about 30% of its standard-model value. The dependence of this branching ratio on the new charged lepton
masses is weak. Furthermore the expected Higgs production rate at the LHC is very near its standard-model
value if the new quarks are much heavier than the weak scale. If the new quarks have masses near the cutoff for
the theory, then for cutoffs greater than 1015 GeV, the new lepton masses cannot be much heavier than about
100 GeV and the Higgs mass must have a value around 175 GeV.
I. INTRODUCTION
We have observed three generations of quarks and lep-
tons, however, there is no convincing prediction for the num-
ber of generations that exist. Hence examining the physics
of extensions of the standard model with additional genera-
tions of quarks and leptons is worthwhile. Experimental con-
straints on fourth generation of quark masses are very strong,
mu′,d′ & 330 GeV [1, 2]. To be consistent with these con-
straints, an extension of the minimal standard model with a
chiral fourth generation of quarks and leptons (and no other
degrees of freedom) must be low energy effective theory with
a cutoff not far from the TeV scale. This is because the large
fourth generation quark Yukawa couplings grow with energy
scale and one encounters a Landau pole after only a mod-
est amount of renormalization group evolution. Furthermore
there are issues with stability of the Higgs potential in such a
model. Experimental limits on the masses of fourth genera-
tion leptons, on the contrary, are much less stringent. Heavy
charged lepton masses must be larger than about 100 GeV,
while stable (unstable) heavy neutral leptons must be heavier
than about 45 GeV (90 GeV) [3].
In this paper an additional vector-like fourth generation
(i.e., a chiral fourth generation plus its mirror) is consid-
ered. In this framework, one can construct scenarios where
the fourth generation quarks get a mass term that does not
require weak symmetry breaking, but the leptons are forbid-
den from getting such a mass term. The model constructed
in Ref. [4] where baryon and lepton number are gauged and
spontaneously broken is an example of this. In such models
over most of the parameter space fourth generation quarks ac-
quire masses much greater than the weak scale, nonetheless,
their Yukawa couplings to the Higgs doublet can be small. On
the other hand, fourth generation leptons cannot have masses
far above the weak scale and fourth generation lepton masses
around 100 GeV are reasonable. Hence, the problems associ-
ated with Landau poles not far from the weak scale and vac-
uum stability do not occur over a wide range of the allowed
parameter space.
Even if the fourth generation quarks are very heavy, the new
leptons have a dramatic effect on the decays of the Higgs bo-
son. (For a study of Higgs physics in four generation models,
see Ref. [5].) Since the fourth generation quarks have mass
terms that do not require weak symmetry breaking, they de-
couple as their masses increase. If the new quarks are much
heavier than the weak scale then the Higgs production rate
at the LHC is near its standard-model value, but we find that
the h → γγ branching ratio is reduced to about 30% of its
standard-model value. This reduction depends weakly on the
charged lepton masses and so it is a signature for this scenario.
Although the small fourth generation quark Yukawa cou-
plings do not develop Landau poles below the GUT or Planck
scale, the new leptons may give rise to Landau poles in cou-
pling constants or a vacuum instability in Higgs potential. We
study the impact that these leptons have on the renormaliza-
tion group evolution of the Yukawa couplings and the Higgs
self-coupling. The Higgs mass squared is proportional to its
self-coupling λ. There are upper and lower bounds on the
Higgs mass from the requirement that λ(µ) <∞ (no Landau
pole) and λ(µ) > 0 (vacuum stability) for scales µ less than
the cutoff of the theory. We find the Higgs mass (denoted as
mh) must be around 175 GeV and the fourth generation lep-
ton masses cannot be greater than about 100 GeV when the
cutoff Λc ≃ 1015 GeV, assuming the fourth generation quark
masses are at the cutoff. With a low cutoff of 10 TeV, the
Higgs mass must be in the range 120 GeV . mh . 400 GeV
and roughly speaking the fourth generation lepton masses
should be smaller than the Higgs mass.
While we were working on this paper, Ref. [6] appeared.
The research presented here is similar to that in Ref. [6], how-
ever this paper is focused on a particular class of models
II. THE MODEL
We consider a model with a vector-like fourth generation
of quarks and leptons in addition to the standard-model par-
ticles. This fourth generation has the SU(2) left-handed
quark doublet, Q′L = (u′L, d′L), right-handed up- and down-
type quark singlets, u′R and d′R, left-handed lepton doublet,
2L′L = (ν
′
L, e
′
L), and right-handed charged and neutral lepton
singlets, e′R and ν′R. The mirror fourth generation particles
are: the SU(2) right-handed quark doublet, Q′′R = (u′′R, d′′R),
left-handed up- and down-type quark singlets, u′′L and d′′L, the
right-handed lepton doublet, L′′R = (ν′′R, e′′R), and the left-
handed charged and neutral leptons singlets, e′′L and ν′′L. Their
U(1)Y charges are the same as the existing fermions in the
standard model.
In addition to their gauge invariant kinetic terms, the new
quarks have the following mass terms and Yukawa couplings
to the Higgs doublet denoted as H ,
∆Lq = −MQQ¯′LQ′′R −MU u¯′Ru′′L −MDd¯′Rd′′L
−h′UQ¯′LǫH∗u′R − h′′UQ¯′′RǫH∗u′′L
−h′DQ¯′LHd′R − h′′DQ¯′′RHd′′L + h.c., (1)
where ǫ is the antisymmetric 2 × 2 matrix (in weak SU(2)
space) with non zero components, ǫ12 = 1 and ǫ21 = −1.
Here we ignore terms which mix the fourth generation quarks
with the familiar quarks for simplicity. However, we imag-
ine that there are small couplings of this type that allow the
new quarks to decay. (For constraints on the mixings in quark
sector, as well as lepton sector, from experiments, see e.g.,
Ref. [5].) Such mixings are forbidden if there is a global U(1)
symmetry where the fourth generation quarks and the ordinary
quarks have different charge. If the breaking of this symmetry
is small, then the mixings are expected to be small.
For the new leptons, the analogous couplings are given by
∆Ll = −h′EL¯′LHe′R − h′′EL¯′′RHe′′L
−hN L¯′LǫH∗ν′R − h′′N L¯′′RǫH∗ν′′L + h.c.. (2)
The crucial difference between the quark and lepton sectors is
the absence of bare lepton mass terms. The bare mass terms,
in addition to the terms which mix the new leptons and ordi-
nary leptons, can be forbidden if one assumes a global U(1)
symmetry where the primed leptons, double primed leptons
and ordinary leptons have different charge. When the charge
of the ordinary leptons under this symmetry is zero, then the
ordinary neutrinos can have Majorana masses. If there is no
mixing between the fourth generation and ordinary leptons,
one can have an acceptable scenario with stable fourth gener-
ation neutrinos.
Usually one does not impose global symmetries since quan-
tum gravity effects will violate them. However, it is possible
that there are underlying gauge symmetries that leave Eqs. (1)
and (2) as the low energy effective theory after they sponta-
neously break. In fact baryon and lepton number could be
such gauge symmetries. By adding a vector-like fourth gen-
eration one can gauge baryon and lepton number provided
the difference in baryon number between the fourth genera-
tion and mirror generation is −1 and the difference in lepton
number between the fourth generation and mirror generation
is −3 [4]. The quarks in these families have mass terms that
do not require weak symmetry breaking provided we intro-
duce a scalar, SB , with baryon number 1 that gets a vacuum
expectation value (VEV). Similarly fourth generation lepton
masses that do not require weak symmetry breaking arise if
a scalar, SL, with lepton number 3 gets a VEV. However this
charge for SL is not preferred since then one cannot generate
light neutrino masses through the seesaw mechanism [7]. If
we use SL with lepton number 2 to break lepton number, Ma-
jorana neutrino masses for the light neutrinos are generated
through the seesaw mechanism and furthermore proton decay
is forbidden since the field that breaks lepton number has even
charge. In that case the breaking of lepton number does not
give rise to mass terms for the fourth generation leptons.
It is appropriate to keep the fourth generation quarks in the
low energy effective theory if their masses are well below the
scale of baryon number symmetry breaking. However, there
is no particular reason for this to be the case and the generic
situation is that one would only be left with just the fourth
generation leptons and the standard-model particles in the low
energy effective theory.
III. PHENOMENOLOGY OF THE HIGGS BOSON
Here we discuss phenomenology of the Higgs boson in the
model with the vector-like fourth generation. In this model
the fourth generation quark and lepton masses have different
origins. Thus they have different impact on the properties of
the Higgs boson. In this section we discuss Higgs boson pro-
duction and decay at the LHC.
A. Fourth generation quarks and the Higgs production
Here we study the impact of vector-like fourth generation
on Higgs production at the LHC. In the usual chiral fourth
generation scenario, the Higgs production rate, which is dom-
inated by the gluon fusion process, is increased by about a fac-
tor of nine and this result is almost independent of the chiral
fourth generation quark masses. (See Ref. [5] and references
therein.) Contrary to such a result, we will see that the pro-
duction rate rapidly approaches to the standard-model value
as the vector-like fourth generation quark masses get larger
than a TeV.
Let us derive the interaction Lagrangian of fourth genera-
tion mass eigenstate quarks with the Higgs boson. It is conve-
nient to introduce the four-component fourth generation quark
fields: ψ′U , ψ′′U , ψ′D and ψ′′D. Their left and right components
are ψ′UL = u
′
L, ψ
′
UR = u
′′
R, ψ
′′
UL = u
′′
L, ψ
′′
UR = u
′
R and sim-
ilarly for the down-type quarks. In the basis ΨU = (ψ′U , ψ′′U )
(and including the effects of weak symmetry breaking) the up-
type quark mass terms are from Eq. (1) as,
∆L(u)mass = −Ψ¯ULMUΨUR + h.c., (3)
where
MU =
(
MQ m
′
U
m′′U MU
)
, (4)
3and m′U = h′Uv/
√
2 and m′′U = h′′∗U v/
√
2. Here 〈H0〉 =
v/
√
2 with v ≃ 246 GeV, the VEV of the neutral component
of the Higgs doublet. The up-type quark mass matrix is diag-
onalized by making unitary transformations VL(u) and VR(u)
on the left and right-handed up-type quark fields so that,
VL(u)
†MUVR(u) =
(
MU1 0
0 MU2
)
. (5)
We denote the two up-type quark mass eigenstates as U1 and
U2 and take MU1 > MU2 . The mass eigenvalues are,
M2U1,2 =
1
2
[
(M2Q +m
′2
U +M
2
U +m
′′2
U )±
√
X + Y
]
, (6)
with
X =
(
M2Q +m
′2
U −M2U −m′′2U
)2
, (7)
Y = 4 (m′′UMQ +m
′
UMU )
2
. (8)
For simplicity we assume the up-type quark Yukawas, h′U and
h′′U , are real so that the transformations that diagonalize the
mass matrix are the real orthogonal matrices,
VL(u) =
(
cos θ
(u)
L sin θ
(u)
L
−sin θ(u)L cos θ(u)L
)
, (9)
VR(u) =
(
cos θ
(u)
R sin θ
(u)
R
−sin θ(u)R cos θ(u)R
)
. (10)
Since MQ and MU are larger than the mass terms that arise
from weak symmetry breaking, the angles θ(u)L,R are small and
their cosines are positive. The angles are given by,
tan θ
(u)
L =
m′′UMQ +m
′
UMU
M2U2 −M2Q −m′2U
, (11)
and the right-handed angle is given by flipping m′ with m′′,
tan θ
(u)
R =
m′UMQ +m
′′
UMU
M2U2 −M2Q −m′′2U
. (12)
Similar formulae hold for the down-type fourth generation
quarks.
For the calculation of the Higgs production rate, we need to
know the couplings of the Higgs boson to the fourth genera-
tion quark mass eigenstates which do not change the type of
heavy quark. Using the above definitions, these are
LQHiggs = −
µU1
v
hU¯1U1 − µU2
v
hU¯2U2
− µD1
v
hD¯1D1 − µD2
v
hD¯2D2, (13)
where
µU1 = −cos θ(u)L cos θ(u)R
(
m′U tan θ
(u)
R +m
′′
U tan θ
(u)
L
)
,
µU2 = cos θ
(u)
L cos θ
(u)
R
(
m′U tan θ
(u)
L +m
′′
U tan θ
(u)
R
)
,
µD1 = −cos θ(d)L cos θ(d)R
(
m′Dtan θ
(d)
R +m
′′
Dtan θ
(d)
L
)
,
µD2 = cos θ
(d)
L cos θ
(d)
R
(
m′Dtan θ
(d)
L +m
′′
Dtan θ
(d)
R
)
.
(14)
For comparison we give the coupling of the Higgs boson to
the top quark,
LtHiggs = −
mt
v
ht¯t, (15)
where mt is the top quark mass.
Now we are ready to calculate the Higgs production rate at
the LHC. As we mentioned, the production rate is dominated
by the gluon fusion process. It is induced by a quark loop. In
the standard model a top quark loop is the main contribution.
In our model, fourth generation quarks are additional contri-
butions. Thus the Higgs production rate in our model divided
by its standard-model value is given by
σ(gg → h)
σSM(gg → h)
=
∣∣∣∣∣∣1 +
∑
i=1,2
[
µUi
MUi
I (rUi) +
µDi
MDi
I (rDi)
]
/I(rt)
∣∣∣∣∣∣
2
,
(16)
where rt ≡ m2h/4m2t , rUi,Di ≡ m2h/4M2Ui,Di and the func-
tion I(x) is
I(x) = 2[x+ (x− 1)f(x)]/x2, (17)
with
f(x) =


Arcsin2(
√
x) 0 < x ≤ 1
− 14
[
log
1+
√
1−1/x
1−
√
1−1/x
− iπ
]2
1 < x
. (18)
We neglect the other light quarks, b, c, s, d and u.
In Fig. 1 we plot this ratio of the cross sections for m′U =
2m′′U = 60 GeV, m
′
D = 2m
′′
D = 60 GeV and MQ = MU =
MD = 300 GeV, 600 GeV and 1 TeV as a function of mh.
The production rate rapidly approaches the standard-model
rate as MU,D,Q increase. This is because the contribution of
the fourth generation quarks is suppressed by m′2U,D/M2Q,U,D,
m′′2U,D/M
2
Q,U,D, which can be seen from Eqs. (11)-(14) and
(16). In usual fourth generation scenario (i.e., not vector-
like scenario), on the contrary, the Higgs production rate by
gluon fusion process is increased by about a factor of nine
over the standard-model production rate and its dependence
on the chiral fourth generation quark masses is weak. There-
fore, the exclusion of the Higgs with mass in the range,
131 GeV ≤ mh ≤ 204 GeV, by the Tevatron in the usual
fourth generation scenario [8], is not applicable to our model.
B. Fourth generation leptons and the Higgs decay
So far we have discussed the impact of a fourth vector-like
generation on the Higgs production rate at the LHC. Next,
we study the Higgs decay branching ratios. The partial de-
cay widths of each mode in our model are the same as those
in standard model, except for the modes h → gg, γZ and
4 0.8
 0.9
 1
 100  200  300  400  500
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/σ
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MQ,U,D=300GeV
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1TeV
FIG. 1: Ratio of the cross section for gg → h in our model to its
standard-model value as a function of the Higgs mass. Here we take
m′U = 2m
′′
U = 60 GeV, m
′
D = 2m
′′
D = 60 GeV, and plot for
MQ = MU =MD = 300 GeV, 600 GeV and 1 TeV from bottom
to top.
γγ where the decay is induced by gauge-boson and heavy-
fermion loops (and of course if the new leptons are light
enough there are now also Higgs decays to particles not in
the standard model). We will see shortly that the decay rate
for h → γγ is significantly changed by the fourth generation
leptons.
The new leptons only get mass through their coupling to the
Higgs doublet, as seen in Eq. (2). Then the mass terms in the
new lepton sector are given by,
L(l)mass = −m′E e¯′e′ −m′′E e¯′′e′′ −m′N ν¯′ν′ −m′′N ν¯′′ν′′, (19)
where m′E = h′Ev/
√
2, m′′E = h
′′
Ev/
√
2, m′N = h
′
Nv/
√
2
and m′′N = h′′Nv/
√
2. Here e′, e′′, ν′ and ν′′ are all Dirac
fermions. Their couplings with the Higgs boson, therefore,
are given in a form similar to the standard-model fermions:
LLHiggs = −
m′E
v
he¯′e′ − m
′′
E
v
he¯′′e′′
− m
′
N
v
hν¯′ν′ − m
′′
N
v
hν¯′′ν′′. (20)
With this Lagrangian, the partial decay width for h → γγ in
our model is then easily calculated to be,
Γ(h→ γγ) = α
2GFm
3
h
128
√
2π3
|Jγγ |2, (21)
where α and GF are fine structure constant Fermi constant
 0.2
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FIG. 2: Ratio of Γ(h → γγ) to its standard-model value. Here we
take m′E = m′′E = 100 GeV and 200 GeV from bottom to top.
and
Jγγ =
(
2
3
)2
NcI(rt) + I(rE′) + I(rE′′ ) +K(rW )
+
(
2
3
)2
Nc
∑
i=1,2
µUi
MUi
I (rUi )
+
(
−1
3
)2
Nc
∑
i=1,2
µDi
MDi
I (rDi) . (22)
Here we explicitly wrote color factor Nc = 3 and used rE′ ≡
m2h/4m
′2
E , rE′′ ≡ m2h/4m′′2E and rW ≡ m2h/4m2W (mW is
W boson mass). The function K(x) is given by
K(x) = − [2 + 3/x+ 3(2x− 1)/x2f(x)] . (23)
The terms in the first line of Eq. (22) are coming from the
top quark, two fourth generation charged leptons, and the W
boson loop. The rest are from fourth generation quarks. In the
amplitude, the fourth generation lepton gives a comparable
contribution to the top quark, while the effect of the fourth
generation quarks are very small if MU,D,Q > 1 TeV.
In Fig. 2, we plot the ratio of Γ(h → γγ) to its value in
standard model. Here we take m′E = m′′E = 100 GeV and
200 GeV. Since fourth generation quark contribution typi-
cally is negligible, we take the MQ,U,D → ∞ limit for sim-
plicity. We find that the decay width is about 30-40% of its
standard-model value in the parameter region 115 GeV ≤
mh ≤ 150 GeV, in which h → γγ is a viable discovery
channel for the Higgs boson. This is due to the fact that in the
loop diagrams the heavy fermion and W boson contributions
interfere destructively. We also find that the ratio changes by
less than about 20%, depending on the choice of m′E and m′′E
at fixed mh.
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FIG. 3: Branching ratios of the Higgs decay. Here we take m′E =
m′′E = 100 GeV and m′N = m′′N = 100 GeV. The modes in
which the final state is standard-model fermion pair are drawn in
solid line (tt¯, bb¯ and τ+τ−), and the modes in which the final state
is standard-model gauge bosons, i.e., W+W−, ZZ, γγ, γZ and
gg, are in dashed lines. Here we omit cc¯ line. The branching ratios
of new leptons, e′+e′−, e′′+e′′−, ν′ν¯′ and ν′′ν¯′′, are drawn in dot-
dashed lines. In this plot, they all are identical. The line shows the
branching ratio for e′+e′− plus e′′+e′′− (ν′ν¯′ plus ν′′ν¯′′) with sum
denoted just by “e′+e′−” (“ν′ν¯′”).
The partial decay width of the mode h → γZ does not
exhibit this dramatic effect. We have checked that the ratio
of the partial decay width of this mode to its standard-model
value is ≃ 1. Finally it is obvious that partial decay width
for h → gg does not change at all in the limit MQ,U,D →
∞. Therefore, although the Higgs production rate is almost
unchanged from the value predicted in standard model, the
branching ratio for h → γγ is reduced significantly. This is
the outstanding feature of this model and can be tested at the
LHC.
To understand the impact of the fourth generation on Higgs
decay further, we give the Higgs decay branching ratios in
Figs. 3 and 4. Here we take m′E = m′′E = 100 GeV and
m′N = m
′′
N = 100 GeV in Fig. 3 and m′E = m′′E = 100 GeV
and m′N = m′′N = 70 GeV in Fig. 4. In the calculation, we
take the limit MQ,U,D → ∞ as in the previous plot, and uti-
lize HDECAY package [9]. Here off-shell decays of fourth
generation leptons are not considered. For comparison, we
also show the branching ratios in standard model in Fig. 5.
The decay channels of the standard-model fermion pairs (tt¯,
bb¯ and τ+τ−) are shown in solid lines, those of gauge bosons
(W+W−, ZZ , γγ, γZ and gg) are in dashed lines and those
of the fourth generation leptons pairs (e′+e′−, e′′+e′′−, ν′ν¯′
and ν′′ν¯′′) are in dot-dashed lines. The line shows the branch-
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FIG. 4: The same as Fig. 3, except for taking m′N = m′′N = 70GeV.
The branching ratios of e′+e′− and e′′+e′′− (ν′ν¯′ and ν′′ν¯′′) are
equal.
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FIG. 5: Branching ratios of the Higgs decay in the standard model.
ing ratio for e′+e′− plus e′′+e′′− (ν′ν¯′ plus ν′′ν¯′′) with the
sum denoted just by “e′+e′−” (“ν′ν¯′”). We omit cc¯ for sim-
plicity of presentation in those plots. In Fig. 3, the branching
ratios are very similar to those in the standard model when
mh < 200 GeV, except for h → γγ. In the mass param-
eter region mh > 200 GeV, we find that the branching ra-
tios for h → W+W− and ZZ , which are the main decay
modes, are reduced due to the appearance of the new decay
6channels, h→ e′+e′−, e′′+e′′−, ν′ν¯′ and ν′′ν¯′′. For example,
the branching ratio for h → W+W− (ZZ) is 71% (72%) of
the standard-model value for mh = 300 GeV. In Fig. 4, it is
seen that branching ratios become quite different from those
in the standard model especially around mh ∼ 150 GeV.
Because of the new decay channels, the branching ratio for
h → W+W− turns out to be 27%, 74% and 73% of the
standard-model value for mh = 150 GeV, 200 GeV and
300 GeV, respectively. When mh ∼ 150 GeV, the Higgs
decays mostly to the fourth generation neutral lepton pairs.
Such neutral lepton pairs are observed as large missing trans-
verse momentum when ν′ or ν′′ does not decay in the detector.
Otherwise, they would be followed by decay to the standard-
model leptons. The decay channels e′+e′− and e′′+e′′− are
also interesting. These leptons subsequently decay to the off-
shell W boson and ν′ (or ν′′). (The case where the Higgs
decays to a stable chiral fourth generation neutrino pair is pre-
viously studied, e.g., Ref. [10]. See also recent work [11].)
IV. HIGGS MASS BOUNDS
As we described in the Introduction, the new generation
fermions affect the running coupling constants in the Yukawa
terms and the Higgs potential. It is well known that the
Yukawa coupling of a new fermion has a Landau pole not
very far above the weak scale when the additional fermion
gets its mass from the Higgs VEV and it is much heavier than
the top quark. Also it is known that such a Yukawa coupling
may cause an instability of the Higgs potential or Landau pole
of the Higgs self-coupling [12–17]. In this section we take
the fourth generation quarks to have large masses of order the
cutoff of the theory and we evaluate the running of Yukawa
coupling constants for the fourth generation leptons, the top
quark Yukawa coupling, and the Higgs self-coupling. We use
this to discuss the lower and upper Higgs mass bounds which
arise, respectively from avoiding instability of the vacuum and
from the Landau pole in the Higgs potential.
For simplicity we assume h′E = h′′E ≡ hE and h′N = h′′N ≡
hN . Then the renormalization group equations (RGEs) for the
lepton Yukawas and the top Yukawa are
16π2µ
∂hE
∂µ
= −hE
(
9
4
g22 +
15
4
g21
)
+
7
2
h3E
+hE
(
3y2t +
1
2
h2N
)
, (24)
16π2µ
∂hN
∂µ
= −hN
(
9
4
g22 +
3
4
g21
)
+
7
2
h3N
+hN
(
3y2t +
1
2
h2E
)
, (25)
16π2µ
∂yt
∂µ
= −yt
(
8g23 +
9
4
g22 +
17
12
g21
)
+
9
2
y3t
+yt
(
2h2E + 2h
2
N
)
. (26)
(For formulae we refer to Ref. [18]. See also Refs. [19, 20]).
Here g3, g2 and g1 are gauge coupling constants of SU(3)c,
SU(2) and U(1)Y , respectively, and µ is the renormalization
scale. In our evaluation we neglect all other quark and lepton
Yukawa couplings. RGEs of the gauge couplings are,
16π2µ
∂gi
∂µ
= −big3i , (27)
with
b1 = −2
3
(
3
2
nL +
11
6
nQ
)
− 1
6
nH , (28)
b2 =
22
3
−
(
1
3
nL + nQ
)
− 1
6
nH , (29)
b3 = 11− 4
3
nQ. (30)
Here nL and nQ are the number of generations of leptons and
quarks, and nH is the number of the Higgs doublets. In our
model nH = 1, nL = 5 (three generation plus fourth genera-
tion and its mirror) and nQ = 3, assuming that heavy fourth
generation quarks have masses of order the cutoff of the the-
ory so they do not contribute to the running of the gauge cou-
plings. For the Higgs sector we write Higgs potential as
V H = −µ2H |H |2 + λ|H |4, (31)
so that the Higgs mass is,
mh =
√
2λv. (32)
In this convention, RGE for λ is given by
16π2µ
∂λ
∂µ
= 24λ2 − 3λ(3g22 + g21)
+4λ
[
3y2t + 2(h
2
E + h
2
N )
]− 2 [3y4t + 2(h4E + h4N )]
+
3
8
[
2g42 + (g
2
2 + g
2
1)
2
]
. (33)
Solving those RGEs, we derive the Higgs mass bounds by
imposing 0 < λ(µ) < 2π [21], with the Higgs mass deter-
mined by Eq. (32) using the coupling λ evaluated at the Higgs
mass. At some scale the condition 0 < λ(µ) < 2π can not be
satisfied and we interpret this scale as a cutoff for the model,
Λc. Thus, the Higgs mass bounds are given as a function of
the cutoff. The condition λ(µ) > 0 gives the lower bound
for the Higgs mass, while the condition λ(µ) < 2π gives
the upper bound. Numerical results are given in Figs. 6 and
7. Here we take m′E = m′′E = m′N = m′′N = 100 GeV
(150 GeV) in Fig. 6 (Fig. 7). In Fig. 6 we also plot the result
when m′E = m′′E = 100 GeV and m′N = m′′N = 70 GeV are
chosen using a dot-dashed line. In the plots, we also give the
result in standard model using a dotted line. In the first case
(i.e., Fig. 6) we have checked that the Yukawa couplings do
not have Landau poles up to the Planck scale, while in the sec-
ond case (i.e., Fig. 7) the top quark Yukawa has a Landau pole
around µ ∼ 1010 GeV. In Fig. 6, mh ∼ 180 (170-180 GeV)
is indicated for m′N = m′′N = 100 (70) GeV when the cutoff
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FIG. 6: Upper and lower bounds on the Higgs mass as a function
of cutoff. The results are shown in solid (dot-dashed) lines for the
case of m′E = m′′E = 100 GeV and m′N = m′′N = 100 (70) GeV.
Dotted lines show the results in the standard model.
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FIG. 7: The same plot as Fig. 6 except for taking m′E = m′′E =
m′N = m
′′
N = 150 GeV.
of the theory is about 1015 GeV. When the Higgs is lighter,
the cutoff is significantly reduced. From the numerical cal-
culations, we find Λc ≃ 4.3 (6.2) TeV, 26 (54) TeV and
1.2 (8.6) × 103 TeV for lower bounds, mh = 115 GeV,
130 GeV and 150 GeV when m′N = m′′N = 100 (70) GeV.
In Fig. 7, mh ∼ 210 GeV is implied when cutoff of the the-
ory is near the Landau pole of the Yukawa couplings, i.e.,
∼ 1010 GeV. Similarly to the previous result, we obtained
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FIG. 8: Allowed region on the Higgs mass vs. fourth generation
masses for Λc = 10 TeV. Here we take m′E = m′′E = m′N =
m′′N ≡ mL.
Λc ≃ 8.3 × 102 GeV, 1.8 TeV and 8.2 TeV for lower
bounds mh = 115 GeV, 130 GeV and 150 GeV. In Fig. 8,
the allowed region for the Higgs mass vs. fourth generation
lepton masses is given for a fixed cutoff of 10 TeV. Here
we take m′E = m′′E = m′N = m′′N ≡ mL. We found
120 GeV . mh . 400 GeV and mL . mh is the allowed
region. This is consistent with what is expected from previ-
ous works where a similar analysis was performed for chiral
fourth generation scenario [18].
Finally we note that evaluation of the Higgs mass bound has
theoretical uncertainty coming, for example, from matching
conditions of fermion and the Higgs sector at the low energy
boundary [17]. The allowed Higgs mass region may change
due to this; however it is shown in Ref. [17] that this uncer-
tainty is less than ∼ 10 GeV in the standard model. We do
not estimate this kind of uncertainty, expecting a similar order
of uncertainty in our case.
V. CONCLUDING REMARKS
Although we observe three chiral generations of quarks and
leptons, there is no established physical principal that fixes
the number of generations. In this paper we consider an addi-
tional vector-like generation. Within this framework, we fo-
cus on a scenario where fourth generation quarks gets large
masses without the Higgs VEV, while fourth generation lep-
ton masses are determined by weak symmetry breaking. Then
quark sector Yukawa couplings do not develop Landau poles
near the weak scale. We have studied Higgs properties in this
scenario. We found that the new leptons reduce the branch-
ing ratio for h → γγ to about 30% of its standard-model
8value. Furthermore the Higgs production rate at the LHC is
very near its standard-model value if the new fourth genera-
tion quarks are much heavier than the weak scale. We have
also examined the upper and lower limits on the Higgs mass
in this model from the condition that all the Yukawa coupling
constants and the Higgs self-coupling are free of Landau poles
and that the familiar weak symmetry breaking vacuum is sta-
ble. We found when cutoff of the theory is about 1015 GeV
then mh ∼ 175 GeV and fourth generation lepton masses
should not be greater than about 100 GeV. When cutoff is
around 10 TeV, 120 GeV . mh . 400 GeV with fourth
generation lepton masses being roughly less than mh in the
allowed region.
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